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Fermion currents in dense quark matter embedded into magnetic field are under intense dis-
cussions motivated by Chiral Magnetic Effect. We argue that conductivity of quark matter
may be independent of the magnetic field direction and not proportional to the magnetic field
strength.
Magnetic field created by heavy ion currents at RHIC and LHC at the collision moment is
huge, |eB| ≥ m2pi ∼ 1018 G 1. An intriguing effect observed by STAR collaboration and first
reported at the XLIV-th Recontres de Moriond QCD 2 in the electric current induced in the
direction of the magnetic field — Chiral Magnetic Effect3. The relaxation time of the magnetic
field crucially depends on the quark matter electric conductivity 4. It is clear that the problem
of quark matter conductivity in magnetic field is an important albeit a complicated one. The
approach to the problem which we briefly present below patterns on the method developed in
condensed matter physics 5. Kubo formula relates the conductivity to a two–point correlator of
the current:
σlm(iωk,q) =
e2T
ωk
Tr
∑
E,p
GM (p, E˜n)γlGM (p+ q, E˜n + ωk)γm, (1)
where Tr is taken over Dirac indices, color and flavour indices are omitted, GM is the rela-
tivistic Matsubara propagator, E˜n = En + 12τ sgn(En), En = piT (2n + 1), τ is the momentum
relaxation time. In the disordered system quark acquires the self–energy proportional to the
inverse relaxation time τ on chaotically distributed scatterers. Depending on the averaging pro-
cedure of the correlator (1) over the disorder one obtains two different sets of diagrams giving
two contributions to the conductivity, namely the Drude (Boltzmann) one σcl and the so–called
quantum correction σq. Relation between the two is given by σq ≃ (pF l)−1σcl, where pF is the
Fermi momentum and l is the quark mean free path. The values of these parameters depend
upon the location of the system on the QCD phase diagram in the (T, µ) coordinates. As an
example, we take the quark chemical potential µ ≃ 0.4 GeV, consider chiral quarks pF ≃ µ,
and l ≃ 0.5 ÷ 1 fm. Then σq ≥ 0.5σcl and the term “correction” used in condensed matter
physics is no more meaningful. Omitting the derivation we present the resulting expression for
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the frequency dependent conductivity:
σ(ω) = σcl + σq =
ne2
m
τ
1 + ωτ
− 2De
2
pi
∫
d3q
(2pi)3
1
−iω +Dq2 (2)
Here D is the diffusion coefficient and the appearance of the slow diffusion mode is an important
feature of the quantum conductivity. The first term is the Drude conductivity. Similar structure
of the conductivity emerges in the hydrodynamic approach to strongly coupled CFT 6. Our
interest here is σq. The negative sign reflects the fact that due to quantum interference the
probability of quark returns increases, at (pF l) > 1 the system undergoes Anderson transition
and becomes an insulator 7. One may view quantum conductivity as being originated by the
presence of a fictitious spin–zero particle with a charge 2e and a mass 1/2D. The simplest model
of this particle would be a fluctuating Cooper pair. The fact that the effective charge carrier is
a scalar particle is at the core of the unusual behaviour of quantum conductivity in magnetic
field. To introduce the magnetic field we choose the gauge Ax = 0, Ay = Bx, Az = 0, so
that B is directed along the z–axis. There are three characteristic length scales in the problem:
the mean free path l, the magnetic length lB = (eB)
−1/2, and the phase–randomizing length
lϕ = (2Dτϕ)1/2, where τϕ is the phase–breaking time due to inelastic processes. We assume that
lϕ ≫ l which is a questionable supposition for the quark matter. Returning to (2), we may say
that the characteristic momentum scale for σcl is p > 1/l, while for σq it is p < 1/l. In magnetic
field and with phase–breaking interaction the denominator (−iω+Dq2) in (2) is substituted by[
−iω +Dq2z +Ω(n+ 12 ) + τ−1ϕ
]
, with Ω = 4eBD, n numerates Landau levels. Integrating over
py, making use of the completeness of the Landau wave functions and integrating over |pz| < 1/l,
we obtain:
σq = − e
2
pi3lB
nmax∑
n=0
1√
n+ 1
2
+ δ
arctan

 lB
2l
√
n+ 1
2
+ δ

 , (3)
where nmax = l
2
B/l
2, δ = l2B/l
2
ϕ. Truncation of the sum over the Landau levels at nmax cor-
responds to the condition p < 1/l formulated above. When nmax ≫ 1 (weak field) we may
substitute summation by integration and obtain:
σq = − e
2
pi2
(
1
l
− 1
lϕ
)
. (4)
This means that for lB ≫ lϕ ≫ l quantum conductivity does not feel the magnetic field.
For l ≃ 1 fm, τϕ ∼ 4τ this corresponds to |eB| ≪ 104 MeV2, i.e. magnetic field at RHIC
|eB| ∼ m2pi ∼ 2 · 104 MeV2 is not too strong in the above sense.
Let us denote σq in this “weak” field limit by σ
<
q and for stronger field by σ
>
q . It may be
shown that |σ>q | < |σ<q | and
σ>q − σ<q ∼ l−1B ∼
√
eB. (5)
Summarizing we may say that:
(i) quantum contribution is an important part of quark matter conductivity;
(ii) it makes the total conductivity smaller;
(iii) it only weakly depends on the magnetic field and does not depend on the field direction.
Our final remark is that due to Lorentz contraction ultra–relativistic ions are effectively
two–dimensional objects. In two–dimensional systems σq logarithmically diverges at ω → 0.
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